
S U M M A R Y  R E P O R T
O C T O B E R  1 9 9 9

“ H O W  L O W  C A N  Y O U  G O ? ”

A I R  F L O W  P E R F O R M A N C E

O F  L O W - H E I G H T

U N D E R F L O O R  P L E N U M S

F R E D  B A U M A N ,  P. E . ,
P A O L A  P E C O R A ,  A N D
T O M  W E B S T E R ,  P. E .



The Center for the Built Environment (CBE) was established in
May 1997 at the University of California, Berkeley, to provide
timely, unbiased information on promising new building tech-
nologies and design techniques. A membership based consor-
tium, our administrative costs are underwritten by the National
Science Foundation; our research is funded by annual contributions
from our industry partners. 

CBE’s current partners are Armstrong World Industries, the California
Department of General Services, the California Energy Commission,
HDR Architecture, International Facility Management Association,
Johnson Controls, Lucent Technologies, Ove Arup & Partners, Tate
Access Floors, U.S. Department of Energy, U.S. General Services
Administration, York International and the Webcor Team: Alfa Tech
Consulting Engineers, Critchfield Mechanical, Rosendin Electric, and
Webcor Builders.  Former partners are the Bank of America,
California Institute for Energy Efficiency, and Herman Miller.

C E N T E R  F O R  T H E  B U I L T  E N V I R O N M E N T

N S F  I N D U S T R Y / U N I V E R S I T Y  C O O P E R A T I V E  R E S E A R C H  C E N T E R

UNIVERSITY OF CALIFORNIA, BERKELEY,  390 WURSTER HALL, BERKELEY, CA 94720–1839

T: 510.642.4950     F: 510.643.5571     E: cbe@uclink.berkeley.edu     WWW: cbe.berkeley.edu



I N  T H I S  R E P O R T

E X E C U T I V E  S U M M A R Y 5

I N T R O D U C T I O N 8

B A C K G R O U N D 8

E X P E R I M E N T A L  M E T H O D 1 1

T E S T  C O N D I T I O N S 1 3

R E S U L T S 1 5

D I S C U S S I O N  &  R E C O M M E N D A T I O N S 2 3

F U T U R E  W O R K 2 5

R E F E R E N C E S 2 6

Copyright ©1999. The Regents of the University of
California.  All Rights Reserved. 





1 A I R  F L O W  P E R F O R M A N C E  O F  L O W - H E I G H T  U N D E R F L O O R  P L E N U M S

F I G U R E  1 Using conventional air handling
equipment, conditioned air is delivered

through the underfloor plenum to the occu-

pied zone of the building. (Image: York
International Corporation)
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E X E C U T I V E  S U M M A R Y

Underfloor air distribution offers several potential advantages as a method
of delivering space conditioning in commercial buildings.  This technolo-
gy has proven to be the most effective method of delivering conditioned
air to localized diffusers in the occupied zone of the building.  Localized
distribution of conditioned air, particularly when occupants are given indi-
vidual control of the incoming air, is a key component of the more flexi-
ble office arrangements required for the office of the future.  Underfloor
air distribution also makes use of a plenum space that allows for the read-
ily accessed and modified cabling required to accommodate today's infor-
mation technology.  In practice, there is great interest in limiting the height
of underfloor plenums to increase their feasibility for renovation work.

CBE is developing design and specification guidelines for configuring and
operating underfloor plenums as part of an intelligent approach to under-
floor air distribution technology.  This report summarizes results from the
first phase of this project, where full-scale empirical testing was used to
investigate plenum configuration issues, including minimum plenum
height, for which acceptable air flow performance can be achieved in a
pressurized underfloor plenum.  Air flow performance was measured in
terms of the ability of the underfloor air supply plenum to uniformly dis-
tribute air to all floor grills for a given air supply volume and plenum con-
figuration.  This determination is a critical factor affecting the wider use
of underfloor air distribution in both new and retrofit construction.
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In April 1998, CBE researchers set up a full-scale underfloor air supply
plenum test facility in a 40-foot by 80-foot (12-m by 24-m) unoccupied
open-plan area with an 8-inch (205-mm) raised access floor (7 inches
[180 mm] of clear space) in a large office building.  Air was supplied into
the plenum at two points along one 40-ft edge, and up to 32 rectangu-
lar floor grills, evenly distributed across the plenum, served as the air
supply outlets from the plenum to the room.  Three plenum heights
were investigated (7-inch [180-mm], 3-inch [75-mm] and 2-inch [50-
mm] clear space) under a range of air supply volumes, obstruction con-
ditions, and other plenum configurations. Five separate week-long field
experiments were conducted in the test facility between April and
December 1998.  Each test was performed under steady-state condi-
tions and the following measurements were made: (1) supply volume
into the plenum at the fan inlet duct, (2) static pressures and air veloci-
ties in the plenum, and (3) supply volume delivered to the room using a
flow hood at each floor grill.  

The major conclusions are as follows:

1. In specifying the height of an underfloor air supply
plenum, CBE recommends that, on average, at least 3 inch-
es of clear space for air flow be provided in addition to the
height required for other factors. Air delivery through floor
outlets from a pressurized plenum with 7 inches of clear space is
very uniform over a full range of typical air supply volumes (0.5
to 1.5 cfm/ft

2
[2.5 to 7.6 L/(s.m2)]), even at a distance of 80 feet

(24 meters) from the plenum inlet.  Air delivery through floor
outlets from a pressurized plenum with 3 inches of clear space
varies by no more than 10% from the average up to air supply
volumes of 1.0 cfm/ft

2
[5.1 L/(s.m2)], even at a distance of 80

feet from the plenum inlet.  Air delivery through floor outlets
from a pressurized plenum with only 2 inches of clear space is
significantly influenced by the increased resistance to flow with-
in the plenum.  However, the maximum average magnitude of
these variations from uniform air flow (25-30%) may be small
enough to not exclude the use of extremely low-height under-
floor plenums under certain conditions.

2. Solid obstructions, even with only 1.5 inches (38 mm) of clear
space above them, may be located in a plenum with at least
7 inches of clear space and have very little impact on the
overall air flow performance. In plenums with only three inch-
es or less of clear space on average, obstructions cause a more
significant degradation to the uniformity of air flow distribution.

F I G U R E  2 Underfloor air distribution can

provide building occupants with control over

temperature and air flow. (Image: Tate
Access Floors)
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3. If one or two floor panels are removed for service or repair
work, the amount of air delivered to floor outlets in that
same zone may be reduced by up to 50%.  However, given
that the uniformity of air flow delivered through the floor out-
lets across the zone is relatively unchanged, this situation may
be acceptable on a short-term basis.

4. At the primary air inlet to an underfloor plenum, air may
be delivered horizontally or vertically with little impact on
the air flow performance in a plenum with at least 7 inch-
es (180 mm) of clear space.

5. Although increasing the number of outlets in a single
plenum zone would be expected to improve the uniformi-
ty of air flow distribution, no significant degradation in
performance was observed when the number of outlets
was reduced by 50% in both 3-inch (75-mm) and 2-inch
(50-mm) plenums at a nominal air flow rate of 1.0 cfm/ft

2

(5.1 L/(s.m2)).

6. To apply the findings of this study in practice, an impor-
tant consideration will be the thermal performance, or
variations in supply air temperature across the area of the
plenum.  Depending on conditions at the time, if heat transfer
from/to the concrete slab and other surfaces in the plenum
results in supply air temperatures that are either too high or too
low, the thermal environment of the room may deteriorate, par-
ticularly at large distances from the plenum inlet.  An upcoming
phase of this project will address thermal performance issues.

F I G U R E  3  Underfloor air distribution

delivers conditioned air to the workspace

where it is needed. The upward air move-
ment flows in the same direction as the

thermal buoyancy produced by comput-

ers, task lighting and people.  Warm and
stale air is directed to ceiling returns and

extracted, leaving the workspace condi-

tions more desirable for human comfort. 

Conventional Overhead Air Distribution Underfloor Air Distribution



1 I N T R O D U C T I O N

In today's competitive office market, building owners, designers, and
facility managers are seeking up-to-date information about new tech-
nologies, design approaches, and products that can improve the value of
their buildings.  Underfloor air distribution is a method of delivering
space conditioning in commercial buildings that is increasingly being
considered as a serious alternative to conventional ceiling-based air dis-
tribution systems because of the significant benefits that it can provide.
While underfloor systems have achieved some acceptance in South
Africa, Germany and other parts of Europe, and most recently in Japan,
growth in North America has been relatively slow up until the last few
years.  As with any new and unfamiliar technology, resistance to wider
use is driven by the perceived higher risk to designers and building own-
ers, perceived higher first costs of raised flooring, and a lack of avail-
able information in the form of standardized design guidelines.  

The installation of raised access flooring with an underfloor air distri-
bution system is most easily achieved in new construction.  Because of
the increased space available below the floor for air supply in compari-
son to a conventional ducted ceiling-based system, it is possible for the
overall height of service plenums (underfloor plenum for air supply and
most building services plus a smaller ceiling plenum for air return, elec-
tric lighting, and fire sprinklers) to be reduced.  An integrated design
can, in fact, lead to reduced floor-to-floor heights.  Some designs may
allow the ceiling plenum to be completely eliminated [1].  However, the
feasibility of adding a raised floor with a typical height of 12-18 inches
(0.30-0.46 m) during a renovation project is severely restricted in the
large majority of buildings having limited floor-to-floor heights.  This
CBE project was initiated to develop design and specification guidelines
for configuring and operating underfloor air supply plenums.  During
the first phase of work reported here, full-scale empirical testing was
used to investigate the minimum plenum height, as well as other practi-
cal performance issues, for which acceptable air flow performance can
be achieved.  This determination is a critical factor affecting the wider
use of underfloor air distribution technology in both new and retrofit
construction.

2 B A C K G R O U N D

Originally introduced in the 1950s in spaces having high heat loads (e.g.,
computer rooms, control centers, and laboratories), and subsequently
introduced in office buildings in the 1970s, underfloor air distribution uses
the open space (underfloor plenum) between the structural concrete
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slab and the underside of a raised access floor system to deliver condi-
tioned air directly into the occupied zone of the building through a vari-
ety of supply outlets located at floor level or as part of the furniture and
partitions.  There are two primary system types for underfloor air dis-
tribution installations:  (1) pressurized plenum in which the central air
handler under variable-air-volume (VAV) or constant air volume (CAV)
control forces air out of supply grills or diffusers mounted in the access
floor panels or elsewhere; and (2) zero or slightly negative-pressure
plenum in which low-powered local fans (under occupant or thermo-
static control) work in combination with the central fan (under VAV or
CAV control) to draw air out of the plenum and into the occupied
space.  Other ducted arrangements are possible, but the above two con-
figurations are the focus of this study because they provide certain ener-
gy and cost benefits by allowing the supply air to flow freely through the
underfloor plenum.

Research results directly related to the air flow performance of pressur-
ized, low-height underfloor plenums were found to be only available in
a series of Japanese papers.  A summary paper describes the results of
tests conducted in a scale model of an underfloor plenum (simulated
heights of 11.8 inches (300 mm) and 4.7 inches (120 mm)) and in a full-
scale office space with a very low-height (1.3 inches (34 mm) of clear
space) plenum [2].  The authors estimated that the rate of air delivery
through the floor outlets varied by about a factor of two across the
2,900 ft

2
(270 m2) full-scale office space when air was supplied at a rate

of 2,000 cfm (940 L/s), or 0.7 cfm/ft
2

(3.5 L/(s.m2)), through a single
inlet at the edge of the space.  This degree of variation may be too large
for acceptable performance in an office.

As more underfloor air distribution installations have been completed in
recent years, the experience and knowledge-base with these systems have
grown.  Research results as well as occupant and performance data from
case studies are now available demonstrating that a well-designed under-
floor air distribution system can provide improved thermal comfort,
ventilation and indoor air quality, and occupant satisfaction and produc-
tivity at first-costs and energy use similar or lower than conventional sys-
tems.  Some of the more significant research findings are discussed
briefly below.

Occupant thermal comfort is perhaps the area of greatest potential
improvement in underfloor air distribution systems because task/ambi-
ent conditioning (TAC) is a natural extension of the system design.
TAC systems deliver air through outlets in the near vicinity of the build-
ing occupants and are uniquely characterized by their ability to allow
individuals to have some amount of control over their local thermal
environment.  Recent laboratory tests show that commercially available
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TAC supply outlets provide personal control of equivalent whole-body
temperature over a sizable range: up to 9°F (5°C) for floor-based TAC
outlets [3].  This amount of control is more than enough to allow indi-
vidual thermal preferences to be accommodated.  

Studies of desktop TAC systems augment these findings.  Reference [3]
shows that desktop TAC outlets can provide up to 13°F (7°C) of con-
trol of equivalent whole-body temperature.  In a complementary series
of ventilation performance tests using the same laboratory setup as the
above study, significant improvements (over well-mixed conventional
systems) in the air change effectiveness at the occupant's breathing level
were measured for two desktop TAC systems supplying 100% outside
air at low flow rates [4].

Field measurements and occupant surveys taken before and after the
installation of a desktop TAC system showed significantly higher satis-
faction with the temperature level and temperature control for the occu-
pants who received a desktop TAC unit compared to a control group
of those who did not receive such a unit [5].  Another well-known field
study of desktop TAC units with underfloor air distribution concluded
that the desktop TAC system was responsible for a 2.8% increase in
worker productivity [6].  A recent analysis of previous research indicates
that individual control of local cooling and heating equivalent to ± 5°F
(3°C) can improve group work performance by 3% to 7%, depending
on the nature of the task [7].

A well-engineered underfloor air distribution system designed to handle
the dominant cooling loads in interior zones of office buildings has sev-
eral energy-conserving features.  Due to extremely low operational stat-
ic pressures in underfloor air supply plenums (typical pressures are 0.1
in. H20 (25 Pa) or less), central fan energy use can potentially be reduced
relative to traditional ducted overhead air distribution systems depend-
ing on the design strategy adopted (see [8] for a more complete discus-
sion of this issue).  Annual building energy simulations have estimated
that an office building in the San Francisco Bay area with underfloor air
distribution and a desktop TAC system using several intelligent control
strategies can save as much as 18% of the cooling energy, 18% of the
distribution energy, and 10% of the total electricity in comparison to a
conventional system [9].  

Underfloor systems are typically controlled to deliver higher tempera-
ture air (above 63-64°F [17-18°C]) through the supply outlets due to
their close proximity to the occupants.  Under the right climatic condi-
tions, this allows extended hours of operation of an outside-air econo-
mizer.  Using a 24-hour thermal storage strategy in the exposed concrete
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slab of the floor plenum, peak cooling loads can be reduced, cooling
equipment can be downsized, and nighttime precooling of the thermal
mass can take advantage of extended economizer operation.  Reduction
in the summer peak demand using thermal storage is estimated to be as
high as 30% [10].

First costs for underfloor air distribution systems will usually, although
not necessarily, be slightly higher than those for a conventional system.
However, the amount of this increase can be minimized and in some
cases completely offset by savings in installation costs for ductwork and
electrical services, as well as from downsizing of some mechanical equip-
ment.  The first cost of installing a raised access floor is most common-
ly justified on the basis of improved cable management in today's mod-
ern office, and in particular the increased flexibility and lower costs asso-
ciated with reconfiguring building services in buildings having high churn
rates.  This flexibility can significantly reduce life-cycle building costs [11-
13].

Several authors have described design and operating guidelines for
underfloor air distribution systems [1, 10, 13-15].  For additional read-
ing, please refer to these references.

3 E X P E R I M E N T A L  M E T H O D

The technical approach used in this study was to conduct a series of
experiments in a full-scale underfloor air supply plenum test facility.
The objective of the experimental program was to provide answers to
a series of very practical questions about the air flow performance of
pressurized, low-height, underfloor air supply plenums, including the
following:  

n What is the minimum plenum height at which acceptable air flow
performance can still be achieved?

n What is the effect of obstructions (e.g., cables, ducts) on air flow
performance in low-height underfloor plenums?

n What is the maximum floor area that can be adequately served
using a single primary air inlet location to the plenum?

These and other questions influenced our design of the experiment to
cover a wide range of test conditions to "push the envelope" of com-
monly used rules of thumb for acceptable performance.  It was hoped
that the empirical data collected from these experiments would help
identify practical limits for acceptable performance.  
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Figure 4 shows plan and section views of the 40-ft (12-m) by 80-ft (24-
m) underfloor air supply plenum test facility, that was set up in a large unoc-
cupied space of an open plan office building in southern California. The
test area had an existing 8-inch (205-mm) raised access floor (slab to finish
floor height) producing approximately 7 inches (180 mm) of clear space
between the concrete slab and the underside of the floor panels.  The
perimeter edges of the test area were sealed with a combination of plastic
sheeting and duct tape.  Air was supplied horizontally into the plenum along
one 40-ft edge of the plenum by two centrifugal inline fans with one-hp
variable speed motors.  A variable frequency drive controlled the two fan
motors in parallel, allowing a range of air supply volumes into the plenum
to be investigated.  As shown in Figure 4 and the photo in Figure 5, the
fan/inlet duct configuration included a flow measurement station that pro-
vided an accurate measure of the flow being supplied into the plenum.

Rectangular 4-inch by 14-inch (100-mm by 360-mm) floor grills served as
the air supply outlets from the plenum to the room (Figure 6).  Although

40'

80'

M M M

MM M M

M M

M

Flow
measuring

station

Fan

23"x 23"
Duct

Plenum inlet

Measurement
point (typical)

 Removable
floor panels (2)Obstruction #1

Obstruction #2

4' Underfloor
barrier

4" x 14" Floor grills
(typical)

5' 10' 10' 10' 10' 10' 10' 10' 5'

Raised Floor

Concrete Slab

24'
19'

14'
10'

Section View

Plan View

F I G U R E  4 Plan and section views of

32-outlet CBE Underfloor Air Supply

Plenum Test Facility at Bank of
America/Brea
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these grill designs do not represent typical floor diffusers found in office
installations, as discussed later, the adjustable dampers were used to
increase the flow resistance of the grills to a more representative value.
For most of the tests reported here, 32 floor grills were evenly distributed
across the 3,200 ft

2
(300 m

2
) test area.  As shown in Figure 4, this arrange-

ment produced 8 rows of 4 grills each to cover the test area.  Under the
commonly used air supply volume of 1 cfm/ft

2
(5.1 L/(s.m2)), each grill

would deliver 100 cfm (47 L/s), matching typical floor outlet design flow
rates.  

All experiments measured the ability of the underfloor air supply plenum
to uniformly distribute air to all floor grills for a given air supply volume
and plenum configuration.  Each test was conducted under steady-state
conditions and the following measurements were made (with the follow-
ing instrumentation): (1) supply volume into the plenum (flow measure-
ment station at fans); (2) air supply volume into room (flow hood at each
floor grill); (3) plenum static pressure relative to room pressure (digital
micro-manometer with pitot tube at ten measurement points shown in
Figure 4); and (4) plenum air velocities (hot wire anemometer at ten points
shown in Figure 4).  

All instrumentation was either new (flow measurement station) or cali-
brated prior to use [16].  The flow measurement stations mounted in the
straight ducts upstream of the fans each measured the air flow volume to
within 8 cfm (3.8 L/s) (manufacturer's specified accuracy), corresponding
to an error of only 1% at the lowest flow rate tested (0.5 cfm/ft

2
[2.5

L/(s.m2)]).  The micro-manometer agreed to within 6% of a high preci-
sion liquid manometer over the range of pressures measured in this study.
The hot-wire anemometer had a manufacturer's specified accuracy of 3%
of the reading ±20 fpm (0.1 m/s).  The flow hood was calibrated twice:
once in our laboratory and once by the manufacturer.  The interpretation
of the flow hood data is discussed further below.  

4 T E S T  C O N D I T I O N S

Three plenum heights were investigated: 7-inch (180-mm), 3-inch (75-
mm), and 2-inch (50-mm) clear space.  Beginning with the original
plenum (7 inches of clear space), expanded polystyrene blocks were
installed to reduce the effective plenum height to 3 inches, and later to
2 inches (see Figure 7).  For each plenum height, a range of air supply
volumes, obstruction sizes, and other plenum configurations were
investigated.  The complete list of test conditions is shown in Table 1.

F I G U R E  5  Photo of supply fan and inlet

duct at CBE Underfloor Air Supply Plenum

Test Facility

F I G U R E  6   Photo of floor grills. From left

to right: bottom view with dampers partially

closed, bottom view with dampers open, and
top view
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T A B L E  1   T E S T  C O N D I T I O N S

P A R A M E T E R R A N G E

1. Height of clear space in plenum 7 inches, 3 inches, 2 inches 
(180 mm, 75 mm, 50 mm)

2. Total supply volume into plenum 0.5, 1.0, 1.5 cfm/ft
2

(2.5, 5.1, 7.6 L/(s.m2))

3. Obstructions placed across width 7-inch plenum: 4-inch (100-mm)
of plenum (Figure 4) and 5.5-inch (140-mm) 

obstruction at 21 feet (6.4 m)

3-inch plenum: 1 and 2 two-
inch(50-mm) obstructions at 21 
feet (6.4 m) and 41 feet (12.5 m)

4. Flow resistance of floor grills Low resistance (open dampers)

High resistance (closed-down  
dampers)

5. Total number of floor grills 16, 32

6. Open panels (panels removed) Two panels removed near fan 
inlet in raised floor.

Two panels removed at far end
of plenum (Figure 4)

7. Change in direction of air flow Full-height underfloor barriers 
at fan inlet in front of fan inlets (Figure 4)

1-inch Floor Panel

Concrete Slab

1"

2"

2"

2"

2" P
o

ly
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yr
en

e 
B
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Plenum Schematic Cross-Section

F I G U R E  7  Schematic cross section of
CBE Underfloor Air Supply Plenum Test

Facility
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4 . 1 I N T E R P R E T A T I O N  O F  F L O W  H O O D  
M E A S U R E M E N T S

Inherent inaccuracies of the flow hood for measuring the rather low
flow rates (50-150 cfm [24-71 L/s]) at each floor grill required the indi-
vidual readings to be interpreted as an air flow balancer would, namely
to compare individual readings to determine the relative air flow distri-
bution across the test area, as opposed to taking each reading as an
absolute air flow result.  Flow hood accuracy became a significant issue
during the early stages of this experiment as attempts were made to
identify and seal all leaks from the plenum (e.g., cracks around the
perimeter, holes in the floor panels, etc.) [16].  In a worst-case scenario
(highest flow rate in the smallest (2-inch [50-mm]) plenum, producing
the highest plenum static pressures), the total air flow leaving the floor
grills was 81% of the measured air supply entering the plenum.
Considering that flow hood errors of greater that 10% are common,
the 19% difference was a reasonable result.  In actual raised floor instal-
lations, air leakage through cracks between individual panels (smoke
visualization indicated this as the most likely source of air leakage)
would be significantly reduced by the fact that floor panels would be
tighter fitting and covered with carpet tiles (the access floor in the test
facility was rather uneven in places and had no carpet on it).  In addi-
tion, leakage may not be a serious concern in an occupied building
because the leakage air will tend to be distributed fairly uniformly across
the whole floor area being served by the plenum and will still reach the
intended building zone.  Finally, plenum operating pressures are always
low (0.1 in. H20 [25 Pa] or less), further reducing the potential for high
uncontrolled leakage, except through large openings.  For the above rea-
sons, all flow hood measurement results are presented as a fraction of
uniform delivered air flow as a primary way to evaluate air flow distri-
bution across the full test area.

5 R E S U L T S

Experimental results from the underfloor air supply plenum test facili-
ty are presented below.  Floor grills were initially installed with their
dampers largely open (low resistance), resulting in lower than normal
plenum static pressures.  It was decided to close down the dampers
enough (high resistance) to produce an average plenum pressure at the
highest air flow rate (1.5 cfm/ft

2
[7.6 L/(s.m2)]) that was representative

of typical operating pressures (0.07-0.08 in. H20 [17-20 Pa]) for pres-
surized underfloor air supply plenums using commercially available
floor diffusers.  Unless otherwise noted, all results presented below are
for the grills in the more representative, higher resistance configuration.
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5 . 1 E F F E C T  O F  P L E N U M  H E I G H T  A N D  S U P P L Y  
V O L U M E

Figures 8, 9, and 10 compare the air flow performance for the 7-inch,
3-inch, and 2-inch plenums at nominal supply rates of 1.5 cfm/ft

2
, 1.0

cfm/ft
2
, and 0.5 cfm/ft

2
, respectively.  These results are for open

plenums (no obstructions) with 32 evenly-spaced floor grills, as shown
in Figure 4.  In these and subsequent figures, the "distance from fan
inlet" represents the distance of each row of outlets (4 grills per row)
from the one 40-foot edge of the test area where the fan inlets were
located (i.e., 5 ft (1.5 m), 15 ft (4.6 m), 25 ft (7.6 m), etc.).  Air flow data
are presented in terms of row averages and represent the ratio of meas-
ured air flow delivered from each row to the amount of air flow that
would be delivered if it were uniformly distributed across the plenum.
In other words, a perfectly uniform distribution of air delivery through
all floor grills would yield a "delivered air flow ratio" of 100% for each
row.  

The air flow results of Figure 8 show a very uniform flow distribution
for the 7-inch plenum.  Although the data shown in Figure 8 are for low-
resistance grills, the uniformity of air flow distribution would be expect-
ed  to be no worse for high-resistance grills.  For all flow rates, all row
averages varied by less than 10% from a uniform distribution, well with-
in the expected accuracy of the flow hood measurements.  The trend for
the lower height plenums (Figures 9 and 10) is for more air to be deliv-
ered through grills in the first three rows, and less in the rows furthest
away from the supply fan.  This is particularly true for the higher air
supply volume (1.5 cfm/ft

2
) for which maximum variations from uni-

form row averages are 17% for the 3-inch plenum and 27% for the 2-
inch plenum.  These correspond to end-to-end percent differences of
approximately 30% and 40%, respectively.  For the 3-inch plenum
(Figure 9), air flow performance improved at lower flow rates, as all row
averages except one were within 10% of uniformity for 0.5 cfm/ft

2
and

1.0 cfm/ft
2
.  In Figure 10, the 2-inch plenum is seen to produce com-

parable variations in delivered air flow ratio for all three air flow rates,
indicating that at this reduced height, the plenum surfaces are definitely
creating resistance to the plenum air flow.  Some of the observed fluc-
tuations in the data may be due to variations in flow resistance of indi-
vidual floor grills, as the dampers were manually adjusted in an approx-
imate manner to achieve the high resistance grill performance (this is
corroborated by the very uniform pressure profiles discussed below).
The general conclusion from these air flow figures is that for 7-inch and
3-inch plenum heights, air flow delivery performs with greater unifor-
mity with increasing plenum heights and lower air flow rates. Two-inch
plenum heights, on the other hand, do not produce uniform distribu-
tions for any of the air flow rates tested.
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5 . 2 P L E N U M  P R E S S U R E S
Pressure measurements in the plenum, in general, support the above
described air flow data.  Static pressures across the full length of the 7-inch
plenum at 1.5 cfm/ft

2
were very uniform and averaged 0.08 in. H20 (20 Pa).

This pressure is in fact representative of typical operating pressures for
pressurized underfloor air supply plenums using commercially available
floor diffusers.  Figure 11 presents measured static pressure distributions for
the extreme case of the 2-inch (50-mm) plenum.  Referring to Figure 4,
each data point represents the row average of the five rows of measure-
ment locations.  At 1.5 cfm/ft

2
, the static pressure at the near end of the

plenum by the fan inlets (0.12 in. H20 [30 Pa]) was three times greater than
the pressure at the far end of the plenum (0.04 in. H20 [10 Pa]).  This vari-
ation in pressure corresponds to an expected reduction in delivered air flow
from one end of the plenum to the other of about 40%, which is very sim-
ilar to the results shown in Figure 10.  The variations in flow and pressure
are also comparable in magnitude to those observed by Hanzawa and
Higuchi (1996) for a plenum of similar floor area, but with a smaller height
(1.3 inches [33 mm]) and flow rate (0.7 cfm/ft

2
[3.5 L/(s.m2)]).  It should be

noted that the air flow data for the 2-inch plenum at 25 ft (7.6 m) appear to
be anomalous and inconsistent with the smooth pressure distribution for
this case, suggesting that the floor grill adjustments for this row were dif-
ferent from those for the other rows.

5 . 3 E F F E C T  O F  O B S T R U C T I O N S
The effect of obstructions placed across the entire 40-foot (12-meter) width
of the plenum (see Figure 4) was also investigated.  Figure 12 compares air
flow ratios at the highest supply volume for the three different obstruction
configurations tested in the 7-inch plenum: no obstruction, one 4-inch
obstruction (3 inches of clear space), and one 5.5-inch obstruction (1.5 inch-
es of clear space) at 21 feet from the fan inlet.  These tests in the 7-inch
plenum were done with low resistance floor grills.  If anything, these results
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could be considered to be slightly conservative in comparison to higher
resistance floor grills, which would tend to even out variations in air flow
through individual floor grills.  Figure 12 clearly demonstrates that an
obstruction with only 1.5 inches of clear space for a 7-inch plenum has lit-
tle effect on the uniform air flow distribution across the length of the
plenum.  Figure 13 compares air flow ratios at a supply volume of 1.0
cfm/ft

2
for three different extreme cases: 7-inch plenum with one 5.5-inch

obstruction, 3-inch plenum with two 2-inch obstructions (1 inch of clear
space), and the 2-inch plenum without obstructions.  Variations from uni-
form flow for the 3-inch plenum with obstructions are comparable to the
results obtained for the open 2-inch plenum, indicating a significant impact
for the 3-inch plenum height.

70%

80%

90%

100%

110%

120%

130%

0 10 20 30 40 50 60 70 80

Distance from Fan Inlet (ft)

D
el

iv
er

ed
 A

ir
 F

lo
w

 R
at

io
 

(M
ea

su
re

d
 fl

o
w

/U
n

if
o

rm
 fl

o
w

)

No obstruction

3-inch clear space

1.5-inch clear space

Obstruction

70%

80%

90%

100%

110%

120%

130%

0 10 20 30 40 50 60 70 80

Distance from Fan Inlet (ft)

D
el

iv
er

ed
 A

ir
 F

lo
w

 R
at

io
 

(M
ea

su
re

d
 fl

o
w

/U
n

if
o

rm
 fl

o
w

)

2-inch, No Obstruction

3-inch, 2 x 1-inch clear spaces

7-inch, 1.5-inch clear space

Obstruction

FIGURE 13  Air flow ratio comparison for dif-

ferent plenum and obstruction configurations

(1.0 cfm/ft
2
)

F I G U R E  1 2 Air flow ratio comparison for

different obstructions in 7-inch plenum (1.5
cfm/ft

2
)



1 6 C B E S U M M A R Y  R E P O R T    O C T O B E R  1 9 9 9

5 . 4 E F F E C T  O F  O P E N  P A N E L S
In buildings with raised access floors, floor panels will occasionally be
opened to gain access to the underfloor plenum.  To investigate the
impact of removing panels in a pressurized underfloor air supply
plenum on air delivery performance, two floor panels were removed
near the fan inlets and then, in a second test, near the edge opposite the
fan inlets (see Figure 4).  Figure 14 compares the air flow ratios of the
system with two open panels at these two different locations against the
system with all panels installed (7-inch plenum, 1.5 cfm/ft

2
).  To esti-

mate the reduction in delivered air flow, air flow ratios for the tests with
open panels were normalized using the delivered air flow for the test
with no open panels.  With two panels open near the fan inlets, the
reduction in the amount of air delivered to the outlets was 38%.  With
two panels open at the opposite end of the floor, the loss was even
greater at 51%.  As Figure 14 illustrates, roughly half the air was deliv-
ered to the outlets when two panels were open, but the distribution con-
tinued to be fairly uniform with distance.  The results suggest that open
panels may be acceptable during temporary periods when access to the
underfloor plenum is necessary, such as during the installation or repair
of a cable, especially if the open panels are in the same space as the
affected outlets.  In this case, air is still being delivered to the room uni-
formly through the floor outlets, but at a lower rate.  Overall, the uni-
formity would be significantly distorted due to the excess volume being
delivered through the open floor panels.
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5 . 5 E F F E C T  O F  F A N  I N L E T  C O N D I T I O N S
The configuration of the fans and inlet ducts in the current experiment result-
ed in air being supplied with considerable horizontal momentum as it entered
the plenum (estimated inlet velocity = 1,200 fpm [6 m/s]).  A maximum veloc-
ity of 260 fpm (1.3 m/s) was recorded at the centrally located measurement
point of the second row (see Figure 4) for the 7-inch plenum at the highest air
flow rate.  This location, nearly 20 ft (6 m) downstream of the plenum inlet
was still affected by the incoming high velocity air.  All other velocities for this
same test were no greater than 120 fpm (0.6 m/s).  Hanzawa and Higuchi
(1996) suggest that delivering supply air into a plenum vertically is beneficial as
the velocities are immediately decreased by the slab and the static pressure
increased, thus resulting in more even distribution.  Figures 15 and 16
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show the air flow ratios and plenum pressures, respectively, resulting from
installing full height barriers equal in size to the inlet cross-section (4 feet [1.2
m] wide by 7 inches [180 mm] high) in the plenum four feet downstream
of the fan inlets (see Figure 4).  Results are shown for the open 7-inch
plenum at 1.5 cfm/ft

2
.  Air flow ratios for the test with the barriers were nor-

malized using the delivered air flow for the test with no barriers.  The result-
ing air distribution is no more uniform than the case without the barrier, but
it is 14% lower (most likely due to the extra losses imposed by the entry con-
dition).  Static pressure in the plenum is very uniform in both cases; only
slightly higher near the fan inlets for the case with the barriers and slightly
higher at the opposite end for the case with no barriers.

5 . 6 N U M B E R  O F  O U T L E T S
Tests were also conducted in which the number of floor grills was reduced
by 50% by removing every other row of outlets, leaving only 16 floor grills in
rows 2, 4, 6, and 8.  Figures 17 and 18 compare air flow ratios for 32 vs. 16
floor grills at a flow rate of 1.0 cfm/ft

2
for the 3-inch and 2-inch plenums,

respectively.  Similar air distribution results are obtained for both floor grill
arrangements, indicating that there is some flexibility in determining the num-
ber of floor outlets for optimal performance, even for the extremely low-
height plenums shown here.
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6 D I S C U S S I O N  A N D  R E C O M M E N D A T I O N S

Full-scale experiments were conducted to investigate the air flow per-
formance of pressurized, low-height, underfloor air supply plenums.
The empirical evidence suggests that low-height plenums are feasible
and should be considered for wider use in underfloor air distribution
systems.  The results confirm that air delivery through floor outlets
from a pressurized plenum with 7 inches (180 mm) of clear space is
very uniform, even at a distance of 80 feet (24 m) from the plenum
inlet.  This uniformity is preserved over a full range of typical air sup-
ply volumes (0.5 to 1.5 cfm/ft

2
[2.5 to 7.6 L/(s.m2)]), and for the case

with an obstruction providing less than 2 inches (50 mm) of clear
space.  It is interesting to note that in practice, building zones condi-
tioned from a single plenum with a single fan inlet location are rarely
this large. As the height of the plenum is reduced (2 to 3 inches [50
to 75 mm] of clear space), the increased resistance to flow within the
plenum produces the expected result that plenum pressure and floor
outlet air delivery decrease with increasing distance from the fan
inlets.  However, the maximum average magnitude of these variations
from uniform air flow (25-30%) may be small enough to not exclude
the use of extremely low-height underfloor plenums under certain
conditions.  The 3-inch (75-mm) plenum, in fact, demonstrates air
flow performance across the 80-foot (24 m) length of the plenum
test area at the nominal 1.0 cfm/ft

2
(5.1 L/(s.m2)) air supply volume

(commonly used in building interior zones) that would be considered
acceptable based on the criteria defined here (variations of less than
10% from uniformity).  



The conclusions and recommendations from this study of pressurized
underfloor plenums are presented and discussed briefly below.

1. In practice, the minimum height of an underfloor plenum is often
determined by factors other than air flow requirements, including (1)
cable management needs, (2) the size of primary air supply ductwork,
if the underfloor plenum is being used to deliver ducted air to a sep-
arate zone of the building (e.g., perimeter zones), (3) the size of floor
diffusers or fan-driven supply units, and (4) the size of other air han-
dling and conditioning equipment.  It is recommended that, on aver-
age, at least 3 inches (75 mm) of clear space for air flow be provided
in addition to the height required for other factors.  

2. In a pressurized plenum with at least 7 inches (180 mm) of clear space,
acceptable air flow performance over a full range of air flow rates can
be achieved through floor outlets located as far as 80 feet (24 m) from
the primary air inlet location to the plenum.  The uniformity of this
air flow distribution will be maintained for floor diffusers having high-
er or lower flow resistance than that of the outlets used in this study.  

3. Solid obstructions, even with only 1.5 inches (38 mm) of clear space
above them, may be located in a plenum with at least 7 inches (180
mm) of clear space and have very little impact on the overall air flow
performance.  In plenums with only 3 inches (75 mm) or less of clear
space on average, obstructions cause a more significant degradation to
the uniformity of air flow distribution.

4. If one or two floor panels are removed for service or repair work, the
amount of air delivered to floor outlets in that same zone may be
reduced by up to 50%.  However, given that the uniformity of air flow
delivered through the floor outlets across the zone is relatively
unchanged, this situation may be acceptable on a short-term basis.

5. At the primary air inlet to an underfloor plenum, air may be delivered
horizontally or vertically with little impact on the air flow performance
in a plenum with at least 7 inches (180 mm) of clear space.  For lower
height plenums, inlet guide vanes may be used to improve the air flow
performance [2].

6. Although increasing the number of outlets in a single plenum zone
would be expected to improve the uniformity of air flow distribution,
no significant degradation in performance was observed when the
number of outlets was reduced by 50% in both 3-inch (75-mm) and
2-inch (50-mm) plenums at a nominal air flow rate of 1.0 cfm/ft

2
(5.1

L/(s.m2)).
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7. In practice, safety margins to the results presented here for
extremely low-height plenums (2 to 3 inches [50 to 75 mm] of clear
space) may be increased by considering the following recommen-
dations.

n Limit the use of extremely low-height plenums to applications
requiring no more than 1.0 cfm/ft

2
(5.1 L/(s.m2)).

n Limit the distance of floor outlets from the nearest primary air inlet
duct location to well below 80 feet (24 m), depending on thermal
performance.  

n Give occupants the ability to control the amount of air flow through
individual floor diffusers by adjusting a manual damper, or local fan.

n Operate the plenum in a zero- or slightly negative-pressure mode
using fan-driven supply outlets to ensure satisfactory air flow per-
formance.

8. To apply the findings of this study in practice, one should consider
the method by which underfloor air distribution systems are con-
trolled.  When a constant volume, variable temperature strategy is
used, the performance should closely follow the results shown here.
However, when a VAV strategy is used, one would expect more uni-
form air flow performance as load decreases, or, in other words, the
most non-uniform air flows would occur only for peak load condi-
tions.  Of course, the number of operating hours at peak load
depends on the load profiles for the type of zones served.

9. Another important consideration will be the thermal performance,
or variations in supply air temperature across the area of the
plenum.  Depending on conditions at the time, if heat transfer
from/to the concrete slab and other surfaces in the plenum results
in supply air temperatures that are either too high or too low, the
thermal environment of the room may deteriorate, particularly at
large distances from the plenum inlet.  The next phase of this proj-
ect will address thermal performance issues (see below).

7 F U T U R E  W O R K

In addition to the air flow performance findings of this report, thermal
performance issues will play an important role in the optimal design and
operation of underfloor air supply plenums.  Future work on this CBE
project will investigate the thermal performance of underfloor plenums
through a combination of full-scale experiments and CFD (computa-
tional fluid dynamics) and other modeling methods.  Key issues to be
addressed will include the thermal storage in the concrete slab, the heat



transfer rate to the underfloor air supply, and air temperature variations
across the plenum.  Whole-building energy simulations will also be per-
formed to study the energy use implications of using underfloor air dis-
tribution.

On the commercial side, more products are needed that support the
wider application of underfloor air distribution technology.  In particu-
lar, low-height underfloor plenums, as discussed in this paper, will
require the development of low-profile floor grills, supply modules, and
other air distribution equipment.
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